The ability to detect harmful pathogens and eradicate them is essential for the survival of an organism. One of the first lines of defense is the innate immune system, a broad specificity inflammatory response characterized by the recruitment and activation of phagocytes. This type of immune response is well conserved from invertebrates through higher mammals and is stimulated by the recognition of conserved components of microorganisms called pathogenassociated molecular patterns (PAMPs). These PAMPs consist of molecules not found in the PRMs that detect and respond to PGN include peptidoglycan recognition proteins (PGRPs) and specific members of the Nod family (Nod1, Nod2, and Cryopyrin). Initially, TLR2 was characterized as the receptor for PGN through analysis of TLR2-deficient mice [5].
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Macrophages from TLR2-deficient mice lost the ability to secrete the inflammatory cytokines TNFα and IL-6 in response to PGN from Gram-positive bacteria. These studies, combined with results from TLR2 over-expression studies, led investigators to conclude that TLR2 is essential for responsiveness to PGN. However, one recurring problem in this field is that many bacterial cell wall components are covalently linked to one another, resulting in the co-purification of other immunostimulatory molecules in many commercial sources of "pure" PAMPs. In light of this, a recent paper prepared highly purified PGN from several strains of bacteria and at different steps in the purification procedure the purified PGN was tested for recognition by TLR2. The results from this study demonstrated that TLR2 is not a sensor for PGN, but is activated by the lipoproteins and lipoteichoic acids that are commonly present in these commercial PGN preparations [6] . PGRP-L binds to the muramyl tripeptide moiety in PGN and cleaves between the muramic acid and the first amino acid of the stem peptide chain, L-alanine ( Figure 1 ). This specificity is identical to the PGN degradation enzyme, serum NAMLAA leading investigators to conclude that they are the same enzyme [15, 16] . Mammalian PGRPs also have distinct expression patterns, with PGRP-S found in polymorphonuclear leukocytes and bone marrow, PGRP-Iα and PGRP-Iβ in the esophagus, and PGRP-L is expressed in the liver, suggesting that they each may play a unique role in host defense.
In contrast to the insect PGRPs, mammalian PGRPs have no known role in stimulating intracellular signaling pathways, but rather appear to act as antibacterial or scavenger molecules.
Mice deficient in PGRP-S or PGRP-L have been generated and analysis of these mice has further clarified the physiological roles of these proteins in the immune response. PGRP-S null mice have normal inflammatory responses (i.e. cytokine production) and their neutrophils have normal phagocytic uptake of bacteria. However, these mice are defective in the intracellular killing of nonpathogenic Gram-positive bacteria, possibly due to a lower induction of oxidative burst. [17] .
The results from these mice demonstrate that PGRP-S is an intracellular PGN binding protein that has a non-enzymatic antibacterial effect in neutrophils, but does not act as an effector molecule to generate an immune response in response to PGN. In contrast to PGRP-S, the phenotype of PGRP-L null mice is surprisingly mild and responses to PGN and Gram-positive organisms were unimpaired, suggesting that PGRP-L does not play an essential role in mammalian innate immunity [18] .
The Nod Family of Proteins
The Nod family of proteins was originally identified in a GenBank database search for molecules with homology to the apoptosis regulator Apaf-1 (reviewed in 
Nod1
Nod1 protein is widely expressed in mammals, and has been shown to be an essential intracellular sensor of specific types of bacteria through detecting specific moieties found in its PGN structure (reviewed in [4] ). LPS preparations were demonstrated to activate Nod1, but later studies determined that Nod1-dependent activation of NF-κB was due to PGN co-purification with the LPS [20] . The real ligand of Nod1 was characterized as PGN fragments that contain the dipeptide, D-γ-glutamyl-meso-DAP (iE-DAP), which can be generated by either degradation of PGN or secreted by bacteria during replication [21, 22] . The mDAP residue is only found in Two groups have generated Nod2-deficient mice and found that macrophages from these mice do not activate inflammatory signaling pathways or cytokine production in response to stimulation with MDP [38] [39] [40] . Nod2-deficient mice have an increased susceptibility to oral infection with Listeria monocytogenes, which correlates with a loss of expression of some intestinal anti-bacterial peptides. These results may explain the intestinal pathology seen in CD, an inflammatory bowel disease associated with loss-of-function Nod2 mutations, as CD patients also have decreased expression of these anti-bacterial peptides [41] . Surprisingly, these mice have normal intestinal pathology, so the Nod2 mutations found in CD may act as a promoting factor for disease development and not as an initiating factor. A controversial result from these mice suggests that Nod2 acts as a negative regulator of TLR2 signaling in splenocytes [39] .
However, two other studies do not see the same phenotype in their experiments with bone marrow-derived macrophages, and in fact see a synergistic response of MDP and TLR2 stimulation [38, 40] , suggesting that the inhibitory function of Nod2 may be cell type specific
and not a universal characteristic of Nod2.
Cryopyrin
The most recently reported sensor of PGN is the Nod family member, Cryopyrin (also called Nalp3 or PYPAF1). Cryopyrin is the protein product of the gene CIAS1, which is mutated in several hereditary fever syndromes, and is expressed primarily in polymorphonuclear cells and chondrocytes (reviewed in [42] ). Cryopyrin has been shown to be a component of a protein complex consisting of Cryopyrin, the adaptor molecules ASC and Cardinal/CARD8, as well as caspase-1 [43] . The oligomerization of these proteins causes the processing of IL-1β by caspase-1, as well as the activation of NF-κB [43, 44] . Recently, a study performed in an ectopicexpression system suggested that the activator of Cryopyrin is MDP, the same PGN-derived activator as Nod2 [45] . However, studies in a more physiologically relevant system need to be performed to confirm that MDP is the ligand for Cryopyrin.
Peptidoglycan Signaling Proteins and Disease
Genetic mutation of Nod2 and Cryopyrin has been associated with the development of and chronic infantile neurological cutaneous and articular syndrome (CINCA), are all due to mutation of Cryopyrin (reviewed in [42] ). These diseases can be grouped into two classes, autosomal-recessive (CD) and -dominant (BS, EOS, MWS, FCAS, CINCA) disease, which correlates with loss-of-function and gain-of-function mutations, respectively (Figure 3) .
Interestingly, the loss-of-function mutations are found mainly in the LRRs, while the gain-offunction mutations cluster in the NOD. In fact, analysis of the autosomal-dominant inflammatory diseases has identified a similar missense mutation in analogous positions in either Nod2 (R334W for BS and EOS) or Cryopyrin (R260W for FCAS and MWS), suggesting a common molecular mechanism for the development of these inflammatory disorders [46] .
Conclusions
The identification and clarification of the molecules responsible for recognizing and responding to PGN has widened our view on the essential components of a healthy immune response. Essential roles for Nod1, Nod2, and PGRP-S in the immune responses generated by PGN have been shown through analysis of specific gene-deficient mice. Nod2 and Cryopyrin are also important inflammatory molecules, as mutation of these proteins cause or contribute to inflammatory disease. Many key questions remain to be addressed which include the cell type specific roles of PGN recognition molecules, the mechanism of how PAMPs gain access to the intracellular space to stimulate Nods, whether Nods recognize PAMPs directly or require additional molecules to sense these stimuli, as well as how these PGN recognition molecules synergize with other PRMs to mount an efficient immune response. Further investigation into the mechanism of action of these molecules will provide insight into not only immune responses, but into the mechanisms of some inflammatory diseases. 
